Recent studies have shown an association between osteopenia and adolescent idiopathic scoliosis (AIS) and implied that osteopenia plays a causative role in AIS development. This study aimed to determine if minodronate (MIN) treatment could prevent curve progression by increasing bone mass in a thoracic restraint (TR) mouse model, which develops causes the development of thoracic scoliosis similar to human AIS. A total of 100 young female C57BL6J mice were divided into four groups: (1) control with vehicle (CON/VEH; n = 20), (2) control with MIN (CON/MIN; n = 20), (3) TR with vehicle (TR/VEH; n = 30), or (4) TR with MIN (TR/MIN; n = 30). MIN (0.01 mg/kg/week) and vehicle were administered intraperitoneally to their respective groups. TR was performed at age 4 weeks, and the mice were sacrificed at age 9 weeks. Body weights, spine radiographs, femoral bone mineral density (BMD), serum bone marker levels, and histomorphometry of the cancellous bone of the thoracic vertebrae were analyzed. TR significantly reduced weight gain in the TR/VEH group relative to the CON/VEH group. TR also induced osteoporosis with accelerated bone resorption, as indicated by decreases in femoral BMDs and thoracic cancellous bone volume and increases in serum bone resorption marker levels and histomorphometric resorption parameters in the TR/VEH group. MIN partially improved body weight gain and improved poor bone structure relative to the TR/VEH group by suppressing high bone resorption in the TR/MIN mice. MIN significantly reduced the curve magnitudes, as indicated by a 43% lower curve magnitude in the TR/MIN mice than in the TR/VEH mice (17.9 ± 8.9v s. 31.5 ± 13.1˚; p< 0.001). The administration of MIN increased bone mass and reduced the severity of scoliosis in the TR mice. MIN was suggested as a possible inhibitor of scoliosis development.
a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Introduction
Adolescent idiopathic scoliosis (AIS) is a complex three-dimensional structural deformity of the spine. The prevalence of AIS ranges from 2% to 4% [1] [2] [3] , especially during pre-pubertal and pubertal growth, when bone acquisition is highest. Poor bone mineral density (BMD) has been associated with AIS in 27-38% of cases [4] [5] [6] , and osteopenia may be a primary contributing factor to the spinal deformity of AIS, rather than a secondary outcome [4] . Low BMD has been reported to be a significant prognostic factor of curve progression in AIS [7, 8] . Although the cause of low bone mass in AIS has remained ill-defined, a recent study has indicated that higher rates of bone resorption may contribute to low bone mass in patients with AIS [9] .
In patients with AIS exhibiting severe progressive curvatures, the spinal deformity causes a disturbed self-image and potential health problems associated with cardiopulmonary function and back pain [10] . About 10% of patients with AIS have significant spinal deformities that require treatment [3, 11] . Only bracing and surgery have been accepted as treatments for AIS, with the implication that the reconstruction of spine balance and improvement in bone strength would help prevent curve progression [12] . However, many patients with AIS continue to experience residual problems because of poor treatment compliance [13] and surgical complications [14] . Therefore, investigating new therapeutic approaches is essential.
Bisphosphonates are widely used for patients with osteoporosis because of their inhibition of osteoclastic bone resorption and the consequent increase in BMD, and their bone strengthening effects [15] [16] [17] . Minodronate, a third-generation bisphosphonate with an imidazopyridine ring side chain, is the strongest inhibitor of bone resorption and has the lowest required concentration for bone resorption inhibition among bisphosphonates [18] [19] [20] . Spinal deformities are also common in patients with osteogenesis imperfecta (OI), a heritable disorder that causes bone fragility. Bisphosphonate therapy improves vertebral bone quality and decreases the curve progression rate in patients with OI type-III [21, 22] . Anti-osteoporosis treatment may provide an internal force to the trunk during the growth phase, which can prevent curve progression in pediatric patients having spinal deformity. Hence, we hypothesized that bisphosphonate treatment could also help prevent curve progression in AIS. Thoracic restraint (TR) induced underdevelopment of the anteroposterior dimension of the rib cage, provoked an imbalanced load on the vertebral column, and consistently produced thoracic scoliosis in mice with anatomic characteristics similar to those of human patients with idiopathic scoliosis [23] . In this study, we examined whether the progression of scoliotic curves in TR mice could be inhibited by the administration of minodronate.
Materials and methods

Overview of study design
One hundred female young mice (C57BL/6J 4 weeks of age; Japan SLC, Shizuoka, Japan) were either subjected to TR or left as untreated controls (CON), and injected once weekly with either minodronate (MIN, 0.01 mg/kg/week, intraperitoneally; Tokyo Chemical Industry Ltd., Tokyo, Japan) or a vehicle (VEH). Thus, the mice were assigned to one of the four groups: CON/VEH (n = 20), CON/MIN (n = 20), TR/VEH (n = 30), or TR/MIN (n = 30) by body weight to minimize differences between the groups at baseline. The mice were maintained under 12-hour light/dark periods at a constant room temperature (23˚± 2˚C), with food and water provided ad libitum. All animal experiments were conducted in accordance with a review-board-approved protocol at Yokohama City University School of Medicine (F-A-15-021).
Thoracic restraint procedure
To limit the anteroposterior rib cage development in mice, plastic device was applied to the chest of each mouse at 4 weeks of age, under isoflurane anesthesia, as previously described [23] . To avoid detachment of the TR equipment after application, the restraints were fixed to the body of the mice with 5-0 nylon sutures, from both the dorsal and ventral sides of the body. After the restraint application, the mice were returned to their normal housing conditions.
Sample preparation
At the age of 9 weeks, the mice were randomly selected from each group (n = 6 for CON/VEH, CON/MIN and TR/VEH, and n = 9 for TR/MIN), and blood samples were obtained by an intracardiac puncture after administration of isoflurane anesthesia. The blood sample was kept at room temperature (23˚± 2˚C) for 1 hour and then placed on ice. The samples were centrifuged at 3000 rpm for 10 min at 4˚C. Serum sample was collected and stored at −20˚C until the bone turnover marker analysis. The remaining mice were sacrificed via CO 2 inhalation. The thoracic vertebral column and right femur that were randomly selected from the mice of each group (n = 6) were then dissected and preserved in 70% ethanol at 4˚C for analyses of femoral BMD, and bone histomorphometry of the thoracic vertebrae. Randomization of the samples for each experiment was performed using a computer-generated random allocation sequence by simple randomization.
Body weight
The mice were weighed from 4 to 9 weeks of age (n = 20 for CON/VEH and CON/MIN, and n = 30 for TR/VEH and TR/MIN).
Measurement of Cobb angle
At 9 weeks of age, a posteroanterior radiograph of the vertebral column of each mouse was obtained under isoflurane anesthesia, using an in vivo micro-CT system (R_mCT 2; Rigaku, Tokyo, Japan) (n = 20 for CON/VEH and CON/MIN, and n = 30 for TR/VEH and TR/MIN). The TR was removed before imaging, and the mice were positioned in a prone position. Radiographs were obtained thrice, and the image obtained in the most symmetrical position with regard to the shoulder and hip joints was used. The severity of spinal deformity was evaluated using R_mCT 2 image analysis software program (Rigaku). Scoliosis was defined as a Cobb angle [23] greater than 10˚, and severe scoliosis was defined as a Cobb angle greater than 40˚. All measurements were obtained by three investigators, using a double-blind technique. The deformities were evaluated for the incidence of scoliosis and the severity of the curves between the TR/VEH and the TR/MIN groups.
Measurement of femoral BMD
The femoral BMD of the mice at the age of 9 weeks (n = 6 for each group) was measured by using dual-energy X-ray absorptiometry (DXA) with the DCS-600EX-R system (Hitachi Aloka Medical, Ltd., Tokyo, Japan).
Bone turnover markers
All serum measurements from the mice at the age of 9 weeks (n = 6 for CON/VEH, CON/ MIN and TR/VEH, and n = 9 for TR/MIN) were performed as indicated by the manufacturer. The bone formation marker, osteocalcin (OCN), measurement was performed using the Mouse enzyme-linked immunosorbent assay kit (Cloud-Clone Co., Houston, USA). The bone resorption marker, tartrate-resistant acid phosphatase 5b (TRACP 5b), measurement was performed using the Mouse TRAP enzyme-linked immunosorbent assay kit (Immunodiagnostic Systems, Boldon, UK).
Bone histomorphometry of the thoracic vertebrae
To examine bone formation rates, tetracycline hydrochloride (20 mg/kg; Sigma-Aldrich, St. Louis, USA) and calcein (20 mg/kg; Dojindo Laboratories, Kumamoto, Japan) were subcutaneously injected 4 days and 2 days before death, respectively, to double-label the bones. After the removal of soft tissue, the whole thoracic vertebrae from each group (n = 6) were subjected to Villanueva bone staining for 7 days without a decalcifying treatment [24] , dehydrated with increasing concentrations of ethanol, and embedded in methyl methacrylate (Wako Pure Chemical Industries, Osaka, Japan). Sagittal sections of the vertebral body (5-μm thick) were prepared using a microtome (LIECA, Wetzlar, Germany). Fifteen fields of the secondary cancellous bone per vertebra on the T6, T7, and T8 were measured, and the means of the measured values were used for data analysis. A single experienced investigator measured the parameters of each specimen. The nomenclature and units used were in accordance with the ASBMR Histomorphometry Nomenclature Committee [25] .
The parameters measured for bone structures were total bone volume per tissue volume (BV/TV, %), trabecular thickness (Tb.Th; μm), trabecular number (Tb.N, /mm), and trabecular separation (Tb.Sp, μm). The parameters obtained for bone formation were osteoid surface per bone surface (OS/BS, %), osteoblast surface per bone surface (Ob.S/BS, %), and osteoid thickness (O.Th, μm). The parameters measured for bone resorption were eroded surface per bone surface (ES/BS, %), osteoclast number per bone surface (N.Oc/BS), and osteoclast surface per bone surface (Oc.S/BS, %). The parameters obtained for bone dynamics were mineralizing surface per bone surface (MS/BS, %), mineral apposition rate (MAR, μm/day), and bone formation rate per bone surface (BFR/BS, μm 
Correlations between Cobb angle and contributing factors
To determine the contributing factors to scoliotic curves in this model, correlations among the Cobb angle, histomorphometric parameters, and femoral BMDs were analyzed in the minodronate-untreated TR mice (TR/VEH group, n = 6).
Statistical analysis
All data are expressed as mean ± SD. To compare means among the groups, the two-way ANOVA was used, and post-hoc pairwise comparisons were conducted using the Dunnett's test. Differences in body weight among the groups were determined using a repeated-measures ANCOVA with the 4-week body weight as the covariate. Proportional differences were analyzed using the Fisher's exact test for independence. The linear associations between the Cobb angle, histomorphometric parameters, and femoral BMDs in the TR/VEH group were assessed using the Pearson correlation coefficient. The calculations were made using the SPSS 15.0 for Windows. A p-value of < 0.05 was considered significant for all statistical analyses.
Results
Growth of TR mice and the effect of minodronate on body mass
The representative appearance of the CON/VEH, CON/MIN, TR/VEH, and TR/MIN mice is presented in Fig 1A. The CON/VEH and CON/MIN mice exhibited normal body growth, whereas the TR/VEH and TR/MIN mice appeared to be emaciated at 9 weeks of age. Limb paralysis and abnormal ambulation were not found in any mice. Body weight changes between 4 and 9 weeks of age for the mice of each group are presented in Fig 1B. Similar body weight patterns were observed in the CON/VEH and CON/MIN group. Meanwhile, the values of body weight were significantly lower in the TR/VEH group than in the CON/VEH group at 5 to 9 weeks (p< 0.001, at each week), suggesting TR impaired weight gain. Minodronate showed a positive effect on body weight in the TR/MIN mice, which weighed more than the TR/VEH mice at 5 to 9 weeks (p< 0.05 at 7 weeks, p< 0.01 at 6 and 8 weeks, p< 0.001 at 5 and 9 weeks), suggesting that minodronate treatment partially counteracted TR-induced reduction in body weight gain.
Effect of minodronate on Cobb angle
The typical posteroanterior radiographs of the whole spine are shown in Fig 2. No mice in the CON/VEH and CON/MIN group developed scoliosis. In contrast, 28/30 (93%) mice of the TR/VEH group and 27/30 mice (90%) of the TR/MIN group developed scoliosis (Cobb angle> 10˚). The apex of the scoliosis curve was consistent between the sixth and eighth thoracic vertebrae, with rotation into convexity. There was no significant difference in the incidence of the scoliotic curve between the TR/VEH and TR/MIN groups (93% vs. 90%, p> 0.999). Mean Cobb angle in the TR/MIN group was 43% lower than that in the TR/VEH group (17.9 ± 8.9v s. 31.5 ± 13.1˚, p< 0.001). Severe scoliosis (Cobb angle> 40˚) was observed in 10/30 (33%) mice of the TR/VEH group, while no severe scoliosis was seen in the TR/MIN group.
Femoral BMD in TR mice and effect of minodronate
Femoral BMDs in the TR/VEH group were 18% lower than those in the CON/VEH group (23.5 ± 1.4 mg/cm 2 vs. 27.8 ± 0.7 mg/cm 2 , p< 0.001), indicating that TR induced osteoporosis in mice. In the TR/MIN group, BMD values were significantly higher than those in the TR/ VEH group (28.2 ± 0.7 mg/cm 2 vs. 23.5 ± 1.4 mg/cm 2 , p< 0.001), and were equivalent to the values in the CON/VEH group, indicating that treatment with minodronate prevented osteoporosis that would normally occur after TR (Fig 3A) .
Effect of minodronate on bone turnover markers
As compared with the CON/VEH group, the TR/VEH group had 149% higher serum osteocalcin level (11980 ± 4265 pg/mL vs. 4807 ± 668 pg/mL, p< 0.01) and 26% higher serum TRACP5b level (10.6 ± 1.1 U/L vs. 8.4 ± 1.2 U/L, p< 0.05), indicating increased both bone formation and resorption in the TR/VEH mice. Compared to the TR/VEH mice, the TR/MIN mice had 19% lower serum osetocalcin level (9644 ± 3847 pg/mL vs. 11980 ± 4265 pg/mL, p = 0.343) and 29% lower serum TRAP5b level (7.5 ± 0.5 U/L vs. 10.6 ± 0.4 U/L, p< 0.01), indicating that minodronate suppressed TR-induced accelerated bone resorption (Fig 3B) .
Bone histomorphometry in TR mice and effect of minodronate
The sagittal section of the thoracic vertebral column was obtained using Villanueva bone staining (Fig 4A) . Owing to the developed lordoscoliosis, the alignment in the middle thoracic vertebral column clearly straightened in the TR groups of mice (TR/VEH and TR/MIN). Static and dynamic histomorphometry results are summarized in Table 1 . TR resulted in a marked decrease in BV/TV (-43%), Tb.Th (-33%), and Tb.N (-15%) and an increase in Tb.Sp (+35%) compared with the control (CON/VEH). The decrease in trabecular bone volume was particularly noticeable at the mid-point of the vertebrae (Fig 4B.) . Minodronate treatment significantly prevented TR-induced osteoporosis, as indicated by an increase in BV/TV (+113%), Tb. Th (+39%), and Tb.N (+55%), and a decrease in Tb.Sp (-46%) in the TR/MIN mice compared with the TR/VEH mice. Trabecular bone remodeling was then assessed. TR led to accelerated bone resorption, as evidenced by increased bone resorption parameters including N.Oc/BS (+38%) and Oc.S/BS (+36%) in the TR/VEH mice than in the CON/VEH mice. Treatment with minodronate suppressed the increases due to TR in all bone formation, resorption, and dynamics parameters (Table 1, Fig 4C. ).
Contributing factors for the severity of the scoliotic curve
Pearson's correlations between the Cobb angle, histomorphometric findings of the thoracic vertebrae, and femoral BMD were analyzed in the minodronate-untreated TR mice (TR/VEH group, n = 6) ( Table 2 ). The Cobb angle was strongly, negatively correlated with bone volume (BV/TV; R = -0.82, p = 0.046) and positively with osteoclast surface (Oc.S/BS; R = 0.91, p = 0.011). The Cobb angle was also negatively correlated with trabecular thickness (Tb.Th) and femoral BMD, although these values did not reach statistical significance.
Discussion
To our knowledge, this is the first report that investigated the effect of using bisphosphonate therapy to prevent the progression of experimental scoliotic curves in animal models. TR impaired weight gain and induced osteoporosis with increased bone resorption in mice, as evidenced by changes in body weight, femoral BMDs, serum bone marker levels, and histomorphometric findings. Treatment with minodronate led to skeletal anabolic activity in the setting of TR. The drug treatment did not affect the incidence of scoliosis (Cobb angle> 10˚) but significantly reduced the curve magnitudes. In addition, severe scoliosis (Cobb angle> 40˚) was not seen in the TR/MIN group. Minodronate treatment was found to be effective in preventing the progression of scoliotic curves.
Our results indicated that TR mice appeared to be a good animal model for progressive scoliosis. Kubota et al. [23] first reported that a plastic TR device was placed on the chests of 4-week-old mice, and 90% (9/10) of the mice developed progressive scoliosis at an average of about 30˚at the age of 15 weeks. In pilot studies, we could confirm that TR provoked spinal curvature at 9 weeks of age with high incidence. We therefore determined that the timeframe for removing the equipment at 9 weeks of age, as performed in the present study, was the most suitable option. Additionally, as the equipment could be easily pulled off by mice, we fixed the equipment to both the dorsal and the ventral sides of the body of the mice. Although there were differences in the methods between the previous study and ours, we succeeded in confirming that TR provoked spinal curvature, with 93% (28/30) of the TR/VEH mice developing scoliosis at an average of 31.5˚at the age of 9 weeks in this study. Unexpectedly, we observed that TR caused weakened bone structures with increased bone resorption in mice. The most common methods for the induction of osteoporosis in mice are ovariectomy, tail suspension, hind limb immobilization, and glucocorticoid administration, all of which result in the loss of cancellous bone, with markedly increased bone resorption in mice [26] . Using TR in mice is an experimental method that can avoid surgery for inducing scoliosis; however, applying the equipment clearly compresses the rib cage of mice in the anteroposterior direction and reduces lung capacity, resulting in reduced weight gain and low bone mass. This is consistent with reports that chronic obstructive pulmonary disease induced by exposure to cigarette smoke causes reduced bone strength and density in growing mice [27] and rats [28] . TR use may appropriately model the airflow limitation during physical activities reported in patients with AIS with moderate or severe spinal curvature [29] . Another disease potentially related to weight reduction and low BMD is dietary insufficiency in adolescent patients, possibly caused by diseases including anorexia nervosa [30] [31] [32] , which may be linked to AIS [33, 34] . Devlin et al. [35] recently reported that caloric restriction decreased body mass and impaired both cortical and trabecular bone acquisition in young growing mice. Our results suggested that TR might trigger a kind of chronic respiratory disorder and/or dietary insufficiency, reducing body weight gain and inducing osteoporosis in mice.
Many studies have investigated the effect of drugs on scoliotic curves in some animal models. A pinealectomy-induced melatonin-deficient chick model results in a spinal deformity resembling human AIS [36] [37] [38] . Aota et al. [39] proved pinealectomy induced marked cancellous bone loss with activated osteoclasts and osteoblasts in chickens. Kono et al. [38] reported that pinealectomized chickens had generalized osteoporosis compared to the controls and that melatonin restoration prevented the development of scoliosis and osteoporosis. Scoliosis can also develop in pinealectomized rats [40] or bipedal C57BL6 mice (natural melatonin knockout mice) [41] . Machida et al. [41] proved the effect of melatonin administration on reducing the scoliotic deformity occurrence rates and decreasing the rate of progression of deformity in pinealectomized models [36, 40] and bipedal C57BL6 mice. SERMs including tamoxifen and raloxifene are estrogen receptor ligands that can increase bone density in humans and mice [42, 43] . Previous studies showed that tamoxifen or raloxifene decreases the rate of progression of deformity in pinealectomized chickens [44] and bipedal C57BL6 mice [45, 46] . Taken together, anti-osteoporosis treatment seems to be useful in controlling the scoliotic deformity in animal models. The current study showed that the Cobb angle was strongly, negatively correlated with the bone mass (BV/TV) of the thoracic vertebrae in the TR/VEH mice. Interestingly, osteoclast surface (Oc.S/BS) of the thoracic vertebrae also strongly, positively correlated with the scoliotic deformity. The mechanism of induced scoliosis by TR has been suggested to be the imbalanced load on the vertebral body derived from the indirect mechanical effect through the ribs [23] . Asymmetric mechanical load provokes progression of scoliotic deformities according to the Hueter-Volkmann law [47] . Minodronate can suppress increases in bone turnover and improve bone strength and microarchitecture under osteoporotic disease conditions in monkeys and rats [48, 49] . Our results indicated that the administration of minodronate, suppressing accelerated bone resorption and improving bone mass, might protect the vertebral body against the "imbalanced load" and finally reduce the progression of thoracic scoliosis. Although the TR mouse model is only one of several experimental animal models for human idiopathic scoliosis, this study possibly implied the clinical implications that bisphosphonate treatment could be a therapeutic option for patients with AIS.
We recently reported that 59% of human patients with AIS had higher serum level of TRAP5b than humans without AIS (> +1.88 SD), suggesting higher rates of bone resorption are common in AIS patients [9] . Additionally, in another study, we presented a detailed histomorphometric analysis of cancellous spinal process bone in AIS, and indicated that 76% of human patients with AIS had high turnover and that biomarkers of bone turnover may provide a noninvasive means for classifying AIS into specific metabolic types [50] . Taken together, we consider that bisphosphonate therapy should be preferentially adapted for treating highturnover AIS patients before the growth of severe scoliosis is complete (i.e. Cobb angle < 20å nd high values of serum TRAP5b). However, a prediction of the curve progression in highturnover AIS patients remains poorly defined. Further studies are needed to evaluate the applicability of our findings to the clinical treatment of patients with AIS.
Some potential limitations of this study should be considered. Non-random allocation by body weight to minimize difference between the study groups at baseline may be associated with possible imbalance in baseline characteristics between the study groups. As, in a pilot study, we had noted the diversity of the severity of scoliosis induced by TR, larger sample sizes were allocated to TR-treated groups (N = 30) than the control groups (N = 20) to clarify the influence of minodronate administration on the severity of scoliosis in TR-treated mice; the different size groups may potentially cause an overestimate therapeutic effects. Additionally, this study was conducted using small sample sizes for the evaluations of femoral BMD (N = 6), serum bone marker levels (N = 6-9), and histomorphometry of the cancellous bone of the thoracic vertebrae (N = 6). To understand pathogenesis and bone metabolism in this model further, a completely randomized study, with equal sample sizes in the comparison groups and larger sample size for all of the experiments, would be needed. Future studies may also be able to assess three-dimensional bone structure in greater detail by using μCT scanning and the measurement of cortical bone of the vertebral bodies; the former would provide additional high-definition data regarding bone structure, and the latter may clarify the mechanism of the bone growth. In addition, it should be noted that the clinical characteristics of this model may not have formed a completely accurate representation of human AIS; although the severity of scoliosis was negatively correlated with bone volume of the vertebral bodies in this study, there is no evidence that AIS is always more prevalent in case of patients with poor bone status, such as those with juvenile osteoporosis. Moreover, the detailed pathomechanism underlying osteoporosis with accelerated bone resorption in this model should be elucidated in future studies.
In summary, TR induced osteoporosis with increased bone resorption in mice. The administration of minodronate increased bone mass and reduced the severity of scoliosis in the TR mice. Minodronate was suggested as a possible inhibitor of the development of scoliosis. These results may provide a novel therapeutic strategy for patients with AIS.
Supporting information S1 Table. Experimental data set of body weights from 4 to 9 weeks of age, Cobb angle, serum bone marker levels, femoral bone mineral density (BMD), and histomorphometry of the cancellous bone of the thoracic vertebrae. (XLSX)
